Dengue virus causes over 96 million cases worldwide per year and is expanding rapidly in geographic range, especially in urban areas. Containment activities are an essential part of reducing the public health burden caused by dengue, but systematic evidence on the comparative efficacy of activities from the field is lacking. To our knowledge, the effect of containment activities on local (sub-city) scale disease dynamics has never been systematically characterized using empirical containment and case data. We combine data from a comprehensive dengue containment monitoring system with confirmed dengue case data from the local government hospitals to estimate the efficacy of seven common containment activities in two urban areas in Pakistan. We use a modified version of the time series Suspected Infected Recovered framework to estimate how the reproductive number, R 0 , of the outbreak changed in relation to deployment of each containment activity. We also estimate the spatial dependence of cases based on deployment of each containment activity. Both analyses suggest that activities aimed at the adult phase of the mosquito lifecycle have the highest efficacy, with fogging having the largest quantifiable effect in reducing cases immediately after deployment. In examining the efficacy of containment activities contemporaneously deployed in the same locations, results here can guide recommendations for future deployment of resources during dengue outbreaks in urban settings.
Results

52
To quantify the impact of containment activities on disease incidence, we 53 use data on 10,888 confirmed geocoded dengue cases reported in the cities 54 of Rawalpindi (N=7,890 between January 1, 2014 and December 31, 2017, . The spatial window of the analysis (d 2 − d 1 ) is maintained at 500 m when d 2 is greater than 500 m, and observations are made by sliding the window at intervals of 100 m. For d 2 less than 500 m, d 1 is equal to zero and observations are made by increasing d 2 at intervals of 100 m. Spatial dependence estimates are plotted at midpoint of the spatial window. The time window t 2 − t 1 is set to 30 days. 95% CI from bootstrapping 100 replications is shown as green shaded area around estimate.
the expected probability of a case if there is no spatial dependence (the case Figure 2 : Variation in the effect of containment activity, ξ act , versus the distance (in meters) from index cases using combined data from Rawalpindi and Lahore. Values of ξ act are calculated using control and containment cases which appear in an m=1000 m radius of each other. The spatial window of the analysis (d 2 − d 1 ) is maintained at 500 m when d 2 is greater than 500 m, and observations are made by sliding the window at intervals of 100 m. For d 2 less than 500 m, d 1 is equal to zero and observations are made by increasing d 2 at intervals of 100 m. Spatial dependence estimates are plotted at midpoint of the spatial window. Values below 1 show a lower probability of new cases appearing around a case in proximity of a containment activity, compared to a control case. The time window t 2 − t 1 is set to 30 days. 95% CI from bootstrapping 100 replications are shown as shaded areas around estimates. Activities targeted at adult stage of mosquito are shaded red, activities targeted at larval stage shaded orange, and activities targeted at source reduction are shaded green.
. 2). This lack of effect is most clearly visible for larviciding which had the 130 most number of cases amongst activities which had no effect (n=275). Due Table S2 ). This modeling approach is useful as it allows us to account for envi- (the residual effect of IRS is three months).
191
Of the adulticides, we find an increase in IRS to be related to a decrease Table S4 . has never before been characterized using empirical activity and case data. 217 We examined the relationship between deployed instances of each contain- no inference about the effectiveness of fish seeding could be made from the 271 spatial dependence method.
272
Among source reduction containment activities, we find no activity to 273 be effective using the spatial dependence method. Using the TSIR model, 274 we find an increase in tap fixing in Lahore and increase in dewatering in First, to characterize the spatial dependence of cases we compute the 346 probability of a case occurring between times t 1 and t 2 , and within distance 347 range d 1 and d 2 of a given case versus the expected probability if the clus-348 tering processes were independent in space and time: 349 τ i (d 1 , d 2 , t 1 , t 2 ) = P r(Ω i (d 1 , d 2 , t 1 , t 2 )) P r(Ω i (d 1 , d 2 , ·, ·))P r(Ω i (·, ·, t 1 , t 2 )) (1)
where Ω i (d 1 , d 2 , t 1 , t 2 ) is the set of cases between d 1 and d 2 (in meters) and 350 temporal window of t 1 and t 2 (in days) of case i; Ω i (·, ·, t 1 , t 2 ) is the set of cases 351 in temporal window t 1 to t 2 of case i independent of space, and Ω i (d 1 , d 2 , ·, ·) 352 the set of cases within spatial window d 1 and d 2 of case i, independent of 353 time. For our analysis, we use a fixed time window of 30 days: t 1 is selected 354 as the day when the patient experienced first symptoms of dengue virus, and 355 t 2 = t 1 + 30. This time window is chosen to ensure that cases considered are 356 from the same transmission chain, though we perform sensitivity analysis 357 using additional time windows (Fig. S10) . Dependence is then observed 358 across variation in the distance window.
359
Then, the overall spatial dependence of new cases appearing around cases 360 labelled s (labelling is defined in the next subsection) is estimated as:
where z i is 1 if the case is labelled s, N is the total number of cases in the 362 dataset regardless of their label, and Ω i (·, ·, ·, ·) is the set of all cases in the 363 dataset. For a given set of containment cases labelled a, we select a subset of cases, 382 a , such that each case in a has a matching control case. A matching control 383 case is defined as a control case which is within a radius of m meters, and 384 was reported within 30 days of the containment case. We assess how values 385 of m of 500, 1,000 and 2,000 ( Fig. 2 and Fig. S9) 
where I i (t), S i (t) and N i (t) are the infected, susceptible and total population 410 during time step t in spatial unit i, ρ is the bi-weekly birth rate, φ is the bi-411 weekly death rate, α i is the mixing coefficient in spatial unit i, and β i (t) is the transmission coefficient during time step t. The error term is assumed to be an independent and identically log-normally distributed random variable. 414 We endogenize containment activities in the transmission coefficient β i (t).
415
This decision reflects the fact that containment activities reduce the contact 416 rate between humans and mosquitoes, which results in a reduction of the 417 transmission rates from human to mosquito to human [33] . The transmission 418 coefficient β for equation 4 is parameterized as:
where l a and l j are time steps containment activities a and environmental 420 parameters j were lagged respectively (Supplementary Text). of each containment activity. The R 0 is calculated by the following equation:
where, γ is the recovery rate and is equal to 1 time step in our study, given
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